Introduction {#s1}
============

Rabies is a fatal viral disease of mammals, mainly transmitted by dogs. Globally, 59,000 humans die of rabies annually due to dog-mediated rabies and the economic loss associated with the disease is estimated to be USD 8.6 billion ([@B1]). In Bhutan, rabies has been successfully eliminated from the northern and central regions through ongoing mass dog vaccination and restricted culling in the early 90s ([@B2]). However, rabies remains endemic in parts of the southern region that shares a porous border with the neighboring Indian states of Assam and West Bengal. Occasionally, outbreaks associated with incursion have been reported in two districts of eastern Bhutan that share a border with Arunachal Pradesh, India ([@B3], [@B4]). Rabies incursions occured in three districts of eastern Bhutan in 2005 and two sub districts in south-west Bhutan in 2008 ([@B4], [@B5]). Subsequently, there have been a number of more recent incursions into the South and East but no outbreaks have been reported in the northern and central region since 1991 ([@B2], [@B6]). The outbreaks in eastern Bhutan were associated with the movement of a rabies infected dog from across the Indian border (incursion) while the outbreaks in 2008 occurred due to the movement of a rabid dog from the adjoining rabies high-risk zone in south Bhutan. Dogs are the primary reservoir for rabies in Bhutan. Sustained transmission of rabies among free-roaming dogs is facilitated by their growing population. In 2016, Bhutan had a total dog population of 119,624 (71,245 owned dogs and 48,379 free-roaming dogs) ([@B7]). Currently, wildlife are not considered to be a key reservoir for rabies in Bhutan. Based on the epidemiology of rabies outbreaks, Bhutan is demarcated into rabies high-risk and low-risk zones ([@B8]).

The entire belt of the southern and eastern region that report rabies outbreaks are considered as rabies "high-risk zone," while the northern and central regions, from where rabies has not been reported since 1991 are considered to be the rabies "low-risk zone" ([Figure 1](#F1){ref-type="fig"}). Since rabies has not been reported in animals and in humans for more than two decades in the rabies low-risk zone, one of the objectives of the government is to achieve freedom from dog-mediated rabies by zone. Control measures, such as mass dog vaccination and dog population management, through animal birth control, regulation of movment of animals through pre-travel check-up and health certification, and rabies surveillance are put in place to ensure that disease is not translocated along with the movement of animals. In 2009, as an approach to manage the growing dog population and control rabies transmission, the government of Bhutan in collaboration with an US-based NGO, Humane Society Internationale (HSI) initiated the Catch, Neuter, Vaccinate and Release (CNVR) program. So far, about 105,000 dogs and cats have been neutered and vaccinated against rabies through this program ([@B9]). The CNVR program is carried out annually throughout the country by the respective district livestock sectors. In addition, in the rabies endemic areas of Bhutan, mass dog vaccination is carried out annually to create an immune buffer along the border. Furthermore, besides the free clinical and vaccination services provided to pet owners through the network of animal health facilities across the country, pets are provided free rabies vaccinations through vaccination campaigns organized during World Rabies Day. Although no recent study has been conducted to estimate the vaccination coverage in the free ranging dog population, a mark re-sight study conducted by Tenzin et al. ([@B10]) estimated average vaccination coverage of 57% in free-roaming dogs in two of the larger southern towns of Bhutan, Gelephu (56%), and Phuentsholing (58%).

![Map of Bhutan showing the rabies high-risk zone (dotted area), the rabies low-risk zone (plain areas), and the network of highways connecting high-risk zone to the low-risk zone. The areas under blue shade are sub-districts that experienced outbreaks in 2005 (East) and 2008 (South West).](fvets-07-00366-g0001){#F1}

Despite having these measures in place a number of factors, such as the increasing dog population (stray and pet), anthropogenic factors, such as increasing human settlements, increased dog density along the national highways, more animal/pet transportation both legally and illegally, and the complex and changing human-pet relationship, increase the potential for rabies reintroduction from high-risk zones, and from neighboring rabies endemic countries, into rabies low-risk zones of Bhutan ([@B11]). Furthermore, with the increasing incidence of incursions in the east and the recent case of rabies in an apparently healthy puppy illegally imported from India highlights the need to understand the likelihood of similar introduction and incursions in future ([@B12]). In this study, we assessed the risk of rabies reintroduction into low-risk areas of Bhutan using a qualitative risk assessment method. The findings from this study can inform risk managers about the risk of rabies reintroduction into the low-risk zones of Bhutan and identify the most effective risk mitigation options.

Materials and Methods {#s2}
=====================

Risk Assessment Methodology
---------------------------

A qualitative risk analysis methodology developed by the World Organization for Animal Health (OIE) for the import of animals and animal products was adopted for this study ([@B13]). Risk assessment is a component of risk analysis and consists of hazard identification, entry assessment, exposure assessment, consequence assessment, and risk estimation. For this assessment, "entry" corresponded to the entry of the hazard (i.e., rabies virus) into a rabies low-risk zone through movement of animals (dogs, cattle) incubating rabies virus. Exposure corresponded to contact and transmission resulting from the interaction between infected animals (infectious stage) and susceptible populations in the rabieslow-risk zone. The consequences of rabies reintroduction into rabies-low risk areas were assessed based on the potential for disease establishment and the likely economic and public health impacts. We used data from published literature to estimate the magnitude of the consequence of rabies reintroduction. The framework of risk assessment for this analysis is provided in [Figure 2](#F2){ref-type="fig"}. Three most likely risk pathways, namely the stray dog, the pet dog, and cattle-mediated pathways, were considered. For the purpose of this study, those free-roaming dogs that did not have an owner and fed on community food-leftovers and waste were considered to be stray while dogs that were fed, cared for and owned/claimed to be owned by a household were considered to be pets. Subsequently, the risk of rabies reintroduction through these pathways was assessed under two scenarios, assuming that, (1) no risk mitigation measures were in place and (2) the current risk mitigation measures were in place. The mitigation measures considered in this assessment included the activities undertaken by the Department of Livestock to control rabies in the rabies high-risk zones, such as mass dog vaccination, animal birth control program, public awareness and surveillance. Further, the aspects of movement control regulations, such as a pre-travel health checkup and regulatory health certification along national highways, implemented by the Bhutan Agriculture and Food Regulatory Authority (BAFRA), were considered.

![Schematic flow chart showing the events considered in each risk pathway.](fvets-07-00366-g0002){#F2}

The probability of rabies transmission (i.e., rabies virus entry and exposure) occuring along each risk pathway were derived by combining the probalities of each event occurring. For example, the probability of rabies virus entry through the stray dog pathway was derived by combining the probabilities of factors, such as the prevalence of rabies in stray dogs in the rabies high-risk zone, movement of stray dogs from the high-risk to low risk/rabies free zone, likely exposure of susceptible animals and the potential for sustained dog-to-dog transmission of the disease. The risk factors assessed were based on the theoretical relevance to each pathway. The qualitative probability scales used for this assessment was adapted from Roche et al. ([@B14]) ([Table 1](#T1){ref-type="table"}).

###### 

Qualitative probability scales with definitions used for assigning the probability to any factor or event in this assessment.

  **Likelihood scale**   **Definition**
  ---------------------- ----------------------------------------------------------------------------------
  Negligible             Likelihood of an event occurring is so rare that it does not merit consideration
  Extremely low          Likelihood of an event occurring is extremely rare but cannot be excluded
  Very low               Likelihood of an event occurring is rare but does occur
  Low                    Likelihood of an event occurring is occasional
  Medium                 Likelihood of an event occurring is regular
  High                   Likelihood of an event occurring is very often

The final estimate of risk for each pathway was derived by combining the probabilities of each event occuring, i.e., entry and exposure and the magnitude of consequences due to the introduction of rabies. The combination matrix described by Dufour et al. ([@B15]) was used. This matrix accounts for the conditional nature of probability ([Table 2](#T2){ref-type="table"}).

###### 

Combination matrix used to combine two probabilities.

  **Probability**   **Negligible**   **Extremely low**   **Very low**    **Low**         **Medium**      **High**
  ----------------- ---------------- ------------------- --------------- --------------- --------------- ---------------
  Negligible        Negligible       Negligible          Negligible      Negligible      Negligible      Negligible
  Extremely low     Negligible       Extremely low       Extremely low   Extremely low   Extremely low   Extremely low
  Very low          Negligible       Extremely low       Very low        Very low        Very low        Very low
  Low               Negligible       Extremely low       Very low        Low             Low             Low
  Medium            Negligible       Extremely low       Very low        Low             Medium          Medium
  High              Negligible       Extremely low       Very low        Low             Medium          High

*Concept adapted from Dufour et al. ([@B15]) when combining two probabilities, the resulting probability is not greater than the lower probability scale of the two*.

Data Sources
------------

The theoretical probability of each event/factor occurring and influencing the final risk estimate was determined using published data from the literature as proposed by Zepeda-Sein ([@B16]). Where gaps in knowledge existed, we used expert opinion. The uncertainty associated with assigning a probability was expressed in qualitative terms as described in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}. The expert\'s evaluation of uncertainty was elicited using the guidelines adapted from Roche et al. ([@B14]) ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}).

Expert Opinion
--------------

### Selection of Experts

To ensure that the outcome of this risk assessment was relevant to the context of the rabies control program in Bhutan, local experts working under the Department of Livestock (DoL) and Bhutan Agriculture and Food Regulatory Authority of Bhutan (BAFRA) were consulted. Initially identified due to their familiarity with the disease, and the current risk mitigation measures in Bhutan, two experts were selected from the National Center for Animal Health (NCAH). Through these experts, 15 other experts were selected from across the country. Thirteen experts, ten working under the DoL and three under BAFRA, participated in a 2-days expert opinion elicitation workshop. Four experts could not participate because of a prior commitment.

### Ethical Statement

The Conjoint Faculties Research Ethics Board (CFREB), University of Calgary, Canada approved the study protocol (Approval number REB16-1945). An informed consent was sought from the experts before their participation.

### Expert Opinion Elicitation

The two-stage modified Delphi technique was used for eliciting expert opinion as described by Roche et al. ([@B14]). A questionnaire containing both open ended and closed questions was used to collect the experts\' opinions. The first section of the questionnaire included questions related to the source of rabies and the factors contributing to rabies outbreaks in dogs and cattle in the rabies high-risk zone. The second section comprised questions eliciting the qualitative probabilities and uncertainties determining the entry of rabies virus, exposure of susceptible populations in the rabies low-risk zone and the consequences resulting from a rabies incursion.

Two rounds of elicitation (stage 1 and stage 2) were carried out before and after an experts\' workshop. In the first round, the questionnaire was emailed to the experts. Once experts had sent back the questionnaire, a preliminary analysis was carried out. Following the first round of elicitation, a 2 days workshop was conducted. The workshop was facilitated by an experienced moderator. On the first day of the workshop, the experts were briefed on the background and objectives of the workshop and an overview was provided on the broader project. Then they were introduced to the basic concept of risk assessment and the use of expert opinion in the analysis. The questions used for soliciting expert opinion during the first round of elicitation were further explained to the experts, to ensure that they had a uniform understanding of the terms used. On the second day, the preliminary results of the first round of elicitation was presented and a group discussion was facilitated.

After the workshop, the same questionnaire was sent out to the experts. The opinion elicited during the second round, and relevant to the final assessment, was used ([Data Sheet 2](#SM2){ref-type="supplementary-material"}). The two-stage modified Delphi technique was used to exploit the advantage of preserving the anonymity and independence of the experts and exploiting the benefits of group interactions ([@B14], [@B17], [@B18]).

### Combining Expert Opinion

The expert opinions were combined as described by Gale et al. ([@B19]). For a single factor, there were thirteen qualitative probability estimates provided by the thirteen experts. These thirteen qualitative probability scales were combined, and the median scale thus derived was used for the final analysis. The median was used as it is easy to derive and is a robust measure of central tendency in the Delphi process ([@B20], [@B21]). The number of factors considered for each event in the pathways are listed in [Tables 3](#T3){ref-type="table"}--**6**. With respect to uncertainties, while combining the probabilities of entry and exposure, we considered the highest uncertainty scale along the risk pathway unless the *n* + 1 step had a probability score of negligible with low uncertainty as described by Crotta et al. ([@B25]).

###### 

Estimates of rabies virus entry through three risk pathways (with no risk mitigation measures in place).

  **Entry of rabies virus**                                                              **Probability**   **Uncertainty**   **Evidence**                         **Estimate (Uncertainty)**
  -------------------------------------------------------------------------------------- ----------------- ----------------- ------------------------------------ ----------------------------
  **STRAY DOG PATHWAY**                                                                                                                                           
  \- Probability determined by prevalence of rabies in stray dogs                        Medium            Low               ([@B8])                              Medium (Low)
  \- Probability determined by stray dog movement                                        Medium            Low               ([@B4], [@B5], [@B22], [@B23])       
  \- Probability determined by sustained transmission                                    Medium            Low               ([@B4], [@B5], [@B23])               
  **PET DOG PATHWAY**                                                                                                                                             
  \- Probability determined by prevalence of rabies in pet dogs in the endemic areas     Low               Low               Expert opinion                       Low (Low)
  \- Probability determined by frequency of pet dogs traveled to the rabies-free areas   Low               Low               Expert opinion                       
  **CATTLE PATHWAY**                                                                                                                                              
  \- Probability determined by prevalence of rabies in cattle in the endemic areas       Low               Low               ([@B8], [@B24]) and Expert opinion   Low (Low)
  \- Probability determined by the number of cattle transported                          Low               Low               Expert opinion                       

### Sensitivity Analysis

We assessed the effect of the experts\' uncertainty on our estimates. The uncertainty-weighted median was derived based on the uncertainty level provided by the experts as described Gale et al. ([@B19]). We used three scales to elicit uncertainties associated with the experts\' opinions as described in [Supplementary Table 2](#SM1){ref-type="supplementary-material"}. If an expert scaled the probability of a factor as "medium" (i.e., 4 on a numeric scale) with an uncertainty level of "low" (i.e., 3 on the numeric score) the particular expert would contribute 3 "medium"/"4" to the overall probability assessment of the factor. Similarly, if an expert scaled probability of a factor as "low" (i.e., 3 on a numeric scale) with an uncertainty level of "high" (i.e., 1 on the numeric score), the expert would contribute only one "low"/"3" to the overall probability assessment of the factor. The more certain an expert is about the probability of a factor, the more probability scale for the factor would the expert contribute and vice versa. Subsequently, the median probability scale was derived and used for analysis.

Results {#s3}
=======

Rabies Virus Entry and Exposure Probabilities
---------------------------------------------

The probability of rabies virus entry through the stray dog pathway under the scenario with no risk mitigation measures was higher than the scenario with current mitigation measures in place (medium with a low level of uncertainty vs. very low with a medium level of uncertainty). Similarly, the probability of virus entry through cattle under the scenario with no risk mitigation measures was higher than the scenario with the current mitigation measures in place (low probability with a low level of uncertainty vs. very low with a low level of uncertainty). The probability of rabies virus entry and the level of uncertainty did not change for the pet dog pathway ([Tables 4](#T4){ref-type="table"}--[6](#T6){ref-type="table"}).

###### 

Estimates of entry for the three pathways (with the current risk mitigation measures).

  **Entry of rabies virus**                                                                                                                              **Probability**   **Uncertainty**   **Evidence**                     **Estimate (Uncertainty)**
  ------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------- ----------------- -------------------------------- ----------------------------
  **STRAY DOG PATHWAY**                                                                                                                                                                                                       
  -Probability determined by prevalence of rabies in stray dogs                                                                                          Medium            Low               Government report                Very low (Medium)
  -Probability determined by tendency of stray dogs to move                                                                                              Medium            Medium            ([@B4], [@B5], [@B22], [@B23])   
  -Probability of current passive veterinary surveillance system not detecting rabid dogs in the rabies endemic areas[^\*^](#TN1){ref-type="table-fn"}   Very low          Low               Expert opinion                   
  -Probability of public not reporting cases (public awareness)[^\*^](#TN1){ref-type="table-fn"}                                                         Very low          Low               Expert opinion                   
  **PET DOG PATHWAY**                                                                                                                                                                                                         
  -Determined by prevalence of rabies in pet dogs in the endemic areas                                                                                   Low               Low               Expert opinion                   low (Low)
  -Determined by frequency of pet dogs traveled to the rabies low-risk zone                                                                              Low               Low               Expert opinion                   
  -Probability of pet owners not being aware of pre-travel check-up[^\*^](#TN1){ref-type="table-fn"}                                                     Low               Low               Expert opinion                   
  -Probability of highway check posts not detecting the pets traveled without pre-check-up[^\*^](#TN1){ref-type="table-fn"}                              Medium            Low               Expert opinion                   
  **CATTLE PATHWAY**                                                                                                                                                                                                          
  \- Determined by prevalence of rabies in cattle in the endemic areas of Bhutan                                                                         Low               Low               ([@B26]), TAD info database      Low (Low)
  -Determined by the number of cattle transported                                                                                                        Low               Low               Expert opinion                   
  -Probability of cattle not undergoing pre-travel check-up[^\*^](#TN1){ref-type="table-fn"}                                                             Low               Low               Expert opinion                   

*Probability of entry resulting due to ineffectiveness of current mitigation measures*.

###### 

Estimates of exposure probabilities in susceptible populations (with no risk mitigation measures in place).

  **Exposure**        **Probability**   **Uncertainty**   **Evidence**                     **Estimate (Uncertainty)**
  ------------------- ----------------- ----------------- -------------------------------- ----------------------------
  Stray dog pathway   Medium            Low               ([@B4], [@B5], [@B27], [@B28])   Medium (Low)
  Pet dog pathway     Low               Low               ([@B12], [@B29]--[@B31])         Low (Low)
  Cattle pathway      Very low          Medium            ([@B32]--[@B35])                 Very low (Medium)

###### 

Estimates of exposure probabilities in susceptible populations (with current risk mitigation measures in place).

  **Exposure of susceptible population**                                                                                                           **Probability**   **Uncertainty**   **Supporting evidence**           **Estimate (Uncertainty)**
  ------------------------------------------------------------------------------------------------------------------------------------------------ ----------------- ----------------- --------------------------------- ----------------------------
  **STRAY DOG MEDIATED PATHWAY**                                                                                                                                                                                         
  \- Probability determined by density of susceptible population                                                                                   Medium            Low               ([@B4], [@B5], [@B7])             Low (Low)
  \- Probability of public in the rabies low-risk zone not reporting on seeing rabid dog (public awareness)[^\*^](#TN2){ref-type="table-fn"}       Low               Low               Expert opinion                    
  \- Probability of current passive veterinary surveillance not detecting rabid stray dog[^\*^](#TN2){ref-type="table-fn"}                         Medium            Low               Expert opinion                    
  **PET MEDIATED PATHWAY**                                                                                                                                                                                               
  \- Probability determined by density of susceptible population                                                                                   Medium            Low               ([@B29], [@B30])                  Low (Low)
  \- Probability of public in the rabies low-risk zone not reporting on seeing rabid pet dog (public awareness)[^\*^](#TN2){ref-type="table-fn"}   Low               Low               Expert opinion                    
  \- Probability of pet intermingling with other animals determined by pet-owning practice[^\*^](#TN2){ref-type="table-fn"}                        Medium            Low               Expert opinion                    
  **CATTLE MEDIATED PATHWAY**                                                                                                                                                                                            
  \- Probability of cattle owner not reporting suspected rabies in cattle[^\*^](#TN2){ref-type="table-fn"}                                         Very low          Low               Expert opinion ([@B31], [@B35])   Very low (Low)

*Ineffectiveness of current mitigation measures contributing to the probability of exposure in the susceptible populations. Although these mitigation measures are less likely to prevent the first exposure, they can be helpful in widespread subsequent exposures*.

The probability of susceptible populations in the rabies low risk zone exposing to the rabies virus through the stray dog pathway was higher when the current mitigation measures were not accounted (medium with a low level of uncertainty vs. low with a low level of uncertainty). The probability of exposure through pet dog pathway remained same for both the scenarios (low with a low level of uncertainty). Similarly, except for the level of uncertainty, the probability of exposure through cattle pathway remained same for both the scenarios (very low with a medium level of uncertainty vs. very low with a low level of uncertainty) ([Tables 4](#T4){ref-type="table"}--[6](#T6){ref-type="table"}).

Consequences
------------

Assessing the likelihood of rabies establishment in the reservoir population, and the impact on the economy and public health based on the literature evidence, the magnitude of consequences for the stray dog, pet dog, and the cattle pathways were scaled high, medium, and low, respectively.

Risk Estimation
---------------

### Under the Scenario With No Mitigation Measures

The risk of rabies reintroduction was estimated to be medium for the stray dog pathway with a low level of uncertainty, low for the pet dog pathway with a low level of uncertainty and very low for the cattle pathway with a medium level of uncertainty ([Figure 3](#F3){ref-type="fig"}).

![Final risk estimate obtained by combining probability of entry × probability of exposure × magnitude of consequences (no mitigation measures).](fvets-07-00366-g0003){#F3}

### Under the Scenario With Current Mitigation Measure

The risk of rabies reintroduction into low risk zones was estimated to be very low for the stray dog pathway with a medium level of uncertainty, low for the pet dog pathway with a low level of uncertainty and extremely low for the cattle pathway with a medium level of uncertainty ([Figure 4](#F4){ref-type="fig"}).

![Final risk estimate obtained by combining probability of entry × probability of exposure × magnitude of consequences (with current mitigation measures in place).](fvets-07-00366-g0004){#F4}

Sensitivity Analysis
--------------------

Based on the sensitivity analysis performed using the probability estimates derived by considering the experts\' uncertainties (uncertainty-weighted median), no changes were observed in the probability estimates of rabies virus release and exposure for all three pathways.

Discussion {#s4}
==========

In this study, we conducted a qualitative assessment of the risk of rabies reintroduction into rabies low-risk zones of Bhutan from rabies high-risk zones through the stray dog, pet dog, and cattle pathways. In Bhutan, dogs are the primary rabies reservoir, therefore two pathways (stray and pet dogs) were considered for this assesment. In the endemic areas of Bhutan, cattle are the most commonly affected livestock species ([@B36], [@B37]). Due to the government\'s policy of achieving self-sufficiency in livestock produce, in addition to mobilization of cattle within the country, a large number of cattle have been imported from other countries posing risk of disease introduction and spread, inlcuding rabies. For these reasons, the cattle pathway was included in this assessment. The assessment was conducted under two scenarios: (1) with no existing risk mitigation measures in place, and (2) with existing risk mitigation measures in the country for rabies. The risk of rabies reintroduction through all the pathways considered was above negligible under both the scenarios. The inclusion of an assessment with risk mitigation measures in place allowed us to assess the impact of current rabies control measures on the final risk estimates. Such exercises can be helpful in informing decision makers about the importance of investment in on-going risk mitigation measures.

The risk estimates were highest for the stray dog pathway followed by the pet dog and cattle pathways when the effect of current mitigation measures was not accounted for. The risk estimates for the stray dog pathway being the highest are supported by observations from previous rabies incursions in the east and south-western areas of Bhutan. Major outbreaks of dog-mediated rabies in rabies low risk zones of Bhutan occurred because of the movement of stray dogs from rabies high-risk zones ([@B4], [@B5]) and from rabies endemic areas in neighboring states of India. Factors, such as the growing stray dog population associated with increasing human settlement along the highways connecting high-risk and low risk zone may enable survival and interaction among dogs, thus continuing the rabies transmission chain.

The decrease in the risk estimate for the stray dog pathway when accounting for current risk mitigation measures in place was not surprising. This can be related to the enhanced dog population management and rabies control program that is currently being implemented throughout the country. Records show that more than 102,316 dogs and cats (stray and owned) have been sterilized and vaccinated in the country since 2009. Furthermore, the government has also strengthened strategies to disseminate rabies awareness education and enhanced movement control regulations for animals from both outside and within the country.

The OIE import risk analysis methodology requires a comprehensive assessment of the consequences of a disease incursion into disease-free areas considering the impact on the economy, on public health, and on the environment. A thorough assessment of consequences, therefore, requires a One Health approach engaging a wide range of expertise including veterinarians, epidemiologists, disease ecologists, economists, public health practitioners and other relevant expertise ([@B13]). For this study, given that there is adequate information about the public health and economic impacts of rabies, we used available literature to estimate the magnitude of the consequences of rabies reintroduction.

The high magnitude of consequences for stray dog pathway can be linked to the higher likelihood of rabies establishment in the reservoir population. As in the case of rabies introduction in the Flores Island, Indonesia in 1997 ([@B38], [@B39]), the high likelihood of rabies establishment in rabies low-risk zone is associated with low level of vaccination coverage in the free-roaming dogs, low awareness level among the general public to report sighting of rabid dogs early and lack of active surveillance in place. The rabies establishment in the dog population would result in huge public health and economic impact for both government and community. For example, the Asian and African countries that report the highest disease burden from canine rabies are mostly due to free-roaming dogs which are responsible for several thousands of human mortalities and significant economic losses ([@B1], [@B40]). In addition, outbreaks in free-roaming dogs lead to widespread transmission with spillover infection in humans and livestock, thereby requiring implementation of large scale control measures. In 2005 and 2008, there were two outbreaks reported in the areas in the low-risk zone of Bhutan. During these outbreaks, 245 domestic livestock were also infected, and a single case of human mortality was reported ([@B4], [@B5]). Although the cost incurred in responding to the outbreak in 2005 was not calculated, the direct response cost for the outbreak in 2008 alone was estimated to be about Nu. 2.75 Million (≈US \$59,923; 1 US \$ = Nu. 46), which included the value for the lost livestock, post-exposure prophylaxis for humans, the cost of vaccinating, impounding and culling dogs, and organizing awareness campaigns and cost for the rapid response team ([@B4], [@B5]).

Whereas, the lower magnitude of consequences for pet dog and cattle pathway can be associated with lower likelihood of rabies establishment in the reservoir population and relatively minimal public health and economic implications. The public health risk of rabies from pet dogs that are kept in complete confinement within the home premises is limited to the family members and animal health personnel attending to the sick pet dog. A case of rabies in a pet dog transported from India was reported from Haa, a town in northern Bhutan. Because the dog was kept inside the house and was on a leash when it was taken for walks during the incubation period of infection, indirect exposure (no direct bite) resulted to only nine people requiring post-exposure prophylaxis ([@B12]). However, currently in Bhutan, a large proportion of pet owners let their dogs roam freely. A survey conducted in two major southern towns of Bhutan observed that 31% of the free-roaming dogs were "owned" ([@B7]). In a study carried out by Tenzin et al. ([@B41]), it was observed that 29% of the total animal bite victims who came to seek PEP were reported to have been bitten by dogs that had an owner. Such practice of pet ownership not only increases the likelihood of human exposure to rabid pet dogs but also increases the likelihood of rabies transmission to the free-roaming dog population and subsequent establishment of rabies endemicity.

The likelihood of rabies establishment in the susceptible dog population in the rabies-free areas is insignificant for the cattle pathway because cattle are generally considered to be a "dead-end" host. However, the economic impact of rabies in cattle (particularly at the local community level) and potential public health concerns can be substantial. For example, a loss of cattle due to rabies is a significant economic loss to a marginal cattle owner where cattle play an essential role in sustaining their livelihoods. Furthermore, people, particularly the cattle owners and animal health workers, can be exposed to rabies from cattle either by sustaining bites while handling or by abraded skin or mucous membrane contacting infectious materials. Two incidents of veterinary staff dying of rabies after contracting an infection while handling rabid cattle and small ruminants have been reported from Brazil and Iran ([@B34], [@B35]). Handling of sick animals, tending to minor abrasions or cut wounds, opening and examining the mouth of an animal refusing to eat are some of the common practice cattle owners engage in on their farm. Furthermore, in marginalized communities, dead cattle (irrespective of the cause of death) are commonly dressed for consumption and sale. Such practices could lead to potential exposure to rabies. There is a report from Iran of shepherds who died of rabies after dressing wounds in their sheep inflicted by a rabid wolf ([@B35]). A fatality due to rabies has also been reported from Pakistan in a butcher who skinned a calf that had died after expressing some signs associated with the neurological disorder ([@B32]).

There is uncertainty around the risks associated with the consumption of unpasteurized milk. It was reported that a lamb became infected with rabies after suckling from an experimentally infected ewe ([@B42]), and a recent study in India has demonstrated the presence of rabies viral RNA in the milk of cattle (buffaloes and cows) suspected of rabies ([@B43]). Although there is no risk of rabies from drinking pasteurized milk, the risk of contracting rabies from drinking raw milk has been cited as theoretically possible ([@B33]). Therefore, currently in most cases, people who have consumed raw milk derived from cattle that had subsequently died of rabies are provided post-exposure prophylaxis, thus increasing the cost of treatment. Annually on average, around 10% of people who receive PEP for rabies in Bhutan do so due to exposure resulting from outbreaks of rabies in cattle ([@B41]). Cases of mass exposure in humans resulting from handling rabid cattle and consuming dairy and meat products from cattle that had died of rabies have been reported from other parts of the world ([@B33], [@B44]). Although the risk of rabies establishment in the dog population due to transmission resulting from cattle in the areas under rabies low-risk zone is negligible, the economic and precautionary public health interventions resulting from exposure to infected cattle can still be substantial.

As described by Wieland et al. ([@B45]), using local experts in this assessment ensured that the risk assessment was relevant to the local context and the findings could be considered for policy formulation and decision making. However, it is acknowledged that the experts were in a way "custodians" of the existing rabies risk mitigation options in Bhutan. Therefore, we anticipate some bias in the expert opinions particularly regarding the effectiveness of current mitigation measures. Nevertheless, the benefits of engaging local experts outweigh the bias---if any---that may result from their engagement.

A major complication of this study was regarding the exposure assessment. The probability of exposure in dogs, domestic livestock, and humans in the rabies low-risk zone resulting from each pathway would differ depending on circumstances. Therefore, although unlikely, we assumed that the exposure from an introduced rabid animal would be the same for all the susceptible populations considered, including humans in the rabies low-risk zone. In this assessment, we consider that the risk of rabies reintroduction estimated for each pathway will be uniform across the rabies low-risk zone. However, given the differences in geographical features, road connections, human settlements, and relative distance from the rabies high-risk zone, the risk may vary from place to place within the rabies low-risk zone. Therefore, our estimates of rabies virus entry, exposure, and the overall risk may not be uniform for the entire rabies low-risk zone in Bhutan.

Although the qualitative risk assessment methodology has its limitations, especially in the definition of the qualitative probability scales, subjectivity associated in assigning probability and magnitude of consequence, and combining qualitative probabilities ([@B46], [@B47]), it is simple to conduct, easy to communicate, and most importantly an accepted methodology ([@B48]). Furthermore, a qualitative assessment is recommended in order to identify important chains of events and critical control points along risk pathways. This can then be used to construct robust and informed risk management programs when there is insufficient data to conduct a meaningful quantitative assessment. Nevertheless, we acknowledge the value that a quantitative risk assessment can add when sufficient data is available.

Conclusion {#s5}
==========

From this study, we observed that the risk of rabies reintroduction through all the pathways considered in this assessment was above negligible. The risk estimate was highest for the stray dog pathway when no mitigation measures were accounted for. However, when we did account for current mitigation measures, the risk of rabies reintroduction remained above negligible for all pathways. This finding warrants enhancing public awareness and participation, especially through fostering responsible pet ownership and encouraging compliance with animal health checks and movement control regulations. The effectiveness of the current risk mitigation measures was evident as the estimates for the probabilities of rabies virus entry and exposure decreased when the mitigation measures were accounted for in the assessment. Therefore, this finding highlights the importance of maintaining and enhancing current risk mitigation measures as an important risk management option to prevent rabies reintroduction into the rabies low-risk zone of Bhutan. It is thus vital to enhance current rabies control programs (e.g., dog vaccination, awareness education, and surveillance) in the endemic areas and to strengthen the health assessment and movement control regulations for dogs and other species.
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